This study was undertaken to ascertain whether coarctation of the aorta produces permanent hemodynamic abnormalities that may persist despite resection and end-to-end anastomosis. The results of studies in 10 patients 4 to 7 years after operation are compared to those obtained before and immediately after operation. The most significant finding was continued decrease in residual coarctation, in addition to dramatic immediate postoperative improvement in the degree of circulatory impairment.
P REVIOUS studies in this laboratoryl -4 and elsewhere5 have reported the changes in circulatory dynamics produced by resection of that portion of the aorta affected by coarctation, followed by end-to-end anastomosis. However, these studies were conducted soon after operation and at intervals during the succeeding 18 months. The present report compares the hemodynamic changes in 10 patients studied before and immediately after operation and at intervals during the next 4 to 7 years.
METHODS
The long-term study included physical examination, determinations of blood hemoglobin and leukocytes, urinalysis, electrocardiograms, and teleroentgenograms of the thorax. Catheterization of the right side of the heart was performed in addition to puncture of the radial and femoral arteries. Data were recorded by means of the photokymographic methods previously described.6' 7 Arterial oxygen saturation was monitored during the procedure by means of earpiece oximeters, while oxygen saturation in the chambers of the right heart and the venous inflow tracts was determined by means of the cuvette oximeter.' The Van Slyke method9 of analysis of blood samples was used for determining the cardiac output From the Mayo Foundation, a part of the Graduate School of the University of Minnesota, and the Mayo Clinic, Rochester, Minn. by means of the Fick principle. A second and independent method, the dye-dilution technic,10-12 also was used to calculate cardiac output. These determinations were made after the patient was stabilized while breathing 100 per cent oxygen and were done nearly simultaneously to permit comparison of the output by the 2 methods.
The studies were conducted 1 to 2 hours after a light meal and with the patient in the supine position. Premedication consisted of 1½1 grains of allyl (1-methylbutyl) barbiturate and 12 grain of codeine.
RESULTS
Clinical Evaluation. All patients were in good health at the time of the long-term study. Two patients (cases 2 and 9, table 1) had had uneventful pregnancies terminated by elective cesarean section (elsewhere) 28 and 42 months, respectively, after surgical correction of the coarctation.
Preoperative systolic murmurs of varying intensity were noted over the precordium in all 10 patients. In 3 instances (cases 1, 7, and 11), the murmur was localized to the aortic region. In 2 instances (cases 1 and 4), a relatively prominent and prolonged aortic diastolic murmur suggested associated aortic insufficiency, while a third patient (case 10) had a nonspecific soft WRIGHT, BURCHELL, WOOD, HINES, AND CLAGETT heard systolic murmurs were absent in 3 patients (cases 3, 8, and 11), diminished in 3 others (cases 1, 5, and 7) and unchanged in the remaining 4. The aortic diastolic murmurs in cases 1 and 4 were unchanged after operation.
The values for hemoglobin and leukocytes and the results of urinalysis were within the range of normal in all patients.
The preoperative electrocardiograms were compared with electrocardiograms taken 4 to 7 years after operation to determine if any significant change had occurred. Electrocardiographic evidence of decrease in left ventricular hypertrophy was present in only 1 instance (case 2). This change consisted of a decrease in the amplitude and width of the QRS complexes. It is of particular interest that this patient was cured of coarctation as evidenced by the normal pressure ratios obtained after operation (systolic ratio = 1.12; pulse-pressure ratio = 1.21) and the return of pressures above and below the site of coarctation to normotensive values.
Roentgenologic Signs and Cardiac Size. Notching of the ribs was present in 9 of the 10 patients before operation; this was pronounced in 1 patient, moderate in 4, and slight in 4. Teleroentgenograms studied 4 to 7 years after operation showed this notching to be unchanged in 7 patients, while 1 patient had evident diminution of notching of the ribs 6 years after the operation. In the remaining patient, who was 12 years of age at the time of operation, notching of the ribs disappeared nearly completely during the 4 postoperative years.
Changes in cardiac size, measured by the area of the frontal-plane silhouette of the heart13rwere determined in the 10 patients and expressed as the percentage difference from predicted normal before operation; these values were compared with the percentage difference from predicted normal after operation. In 50 per cent of the patients (cases 2, 4, 5, 9, and 10), the cardiac size ranged from 28 to 60 per cent greater than the size (area) predicted for normal persons of the same height and weight, both preoperatively and postoperatively. While minor postoperative decreases in cardiac size occurred in 5 patients, a pronounced decrease was noted in only 1 patient (case 8).
Hemodynamic Data. Changes in intra-arterial radial systolic pressure (ordinate, mm. Hg) in 10 patients with coarctation of the aorta studied preoperatively, 2 weeks after operation and at intervals thereafter to 7 years after operation (39 studies). The average and range of the intra-arterial radial systolic pressure in 26 normal persons in the same age range and studied under similar conditions are included for comparison. definitely tended to be more peaked in the later records.
Pressures. Table 2 shows the average postoperative change in radial and femoral pressures for the entire group. Early after operation, the average decrease in the radial systolic and diastolic pressures was 23 and 8 mm. Hg, respectively, while the average femoral systolic pressure increased 15 mm. and the femoral diastolic pressure did not show a significant systematic change. The long-term observations indicated further decrease in the average radial systolic and diastolic pressures (table 2) but great variability was present in the group. The femoral systolic pressure had increased an average of 34 mm. Hg at the long-term study.
The radial systolic pressure was plotted against time in years ( fig. 2) . The normal range and the average radial arterial pressure in 26 normal persons are included for comparison. A sharp decrease in radial systolic pressure 2 weeks after operation was noted in each instance. Five of 6 patients studied during the first year after operation showed further decrease in radial systolic pressure. At the time of the long-term study, the radial systolic pressure had returned to the preoperative level in 2 instances (cases 5 and 9) and had decreased steadily in 3 others (cases 2, 3, and 4), while the remaining cases fell between these 2 extremes. Figure 3 shows the changes in femoral systolic pressure measured from femoral arterial pressure pulses generated by the same heart beats from which radial systolic pressures were measured. The initial sharp increase in femoral systolic pressure after operation is well shown. Four of 6 patients studied during the first postoperative year showed progressive increases in femoral systolic pressure; in the long-term study, 9 of the 10 patients had femoral arterial systolic pressures greater than those recorded during the initial postoperative study.
The top panel of figure 4 , while the change in simultaneously recorded femoral diastolic pressure (below the site of coarctation) is shown in the lower panel. While a striking parallelism generally was noted between the diastolic pressure simultaneously recorded from these 2 sites, points of difference to be noted are (1) the radial diastolic pressure exceeded the femoral diastolic pressure in every case before operation, and (2) 8 of the 10 patients had abrupt and pronounced decreases in radial diastolic pressures 2 weeks after operation, while the femoral diastolic pressure decreased in 5 patients but increased in 5 others.
The significant features in this graph, however, are the progressive changes in the diastolic pressure above and below the site of anastomosis, so that no significant difference existed between them 4 to 7 years after operation. The radial diastolic pressures in 8 of the 10 patients exceeded the average radial diastolic pressure in the normal group at the time of the long-term study.
Time Relationships and Pressure Ratios of Simultaneously Recorded Radial and Femoral Pressure Pulses (table 3) . The characteristic delay in onset and the prolongation of the build-up time of the femoral pulse were noted in all patients before operation. Similarly, the abnormal (decreased) ratios of femoral to radial pressure were present in all patients. A dramatic change toward normal was noted in all these values 2 weeks after operation. These pressure ratios showed continued significant improvement in the ensuing 4 to 7 years. This improvement is graphically shown in figure 5 , in which the degree of mechanical obstruction produced by the coarctation is expressed by the ratio between femoral and radial systolic pressures in 39 observations in the 10 patients. The average and range found in 9 normal persons are shown on the right of the graph for comparison. Two striking features are evident in this graph; not only did a dramatic decrease take place in the severity of the coarctation 2 weeks after operation but a progressive change was measurable in 1 to 2 years and continued during the long-term study. In spite of this progressive improvement, half the patients failed to reach the range of normal during this time and are considered to have slight to moderate degrees of residual coarctation.
Cardiac Output and Peripheral Arterial Resistance. The cardiac output, radial and femoral pressures, and peripheral arterial resistances measured in these 10 patients are listed in table 1. Cardiac output was determined nearly simultaneously by the Fick and dye-dilution methods in 7 patients. The values for cardiac output in all patients were within the range of normal. Individual variations occurred between the values obtained by the Fick and the dye methods but no systematic difference was noted.
Peripheral arterial resistance (dynes sec. cm.-5) was calculated from the Fick data in all except cases 1, 9, and 11, in FIG. 5. Change in ratios (ordinate) between femoral and radial systolic pressures after resection of coarctation of the aorta. Note immediate increase in this ratio after operation, followed by a gradual but progressive increase during the next 7 years. Five patients have evidence of a measurable degree of residual coarctation 4 to 7 years after operation. tolic and pulse pressures to the same pressures in the radial artery. The data indicate dramatic decrease in obstruction in the early postoperative period, followed by further slow continued decrease in the degree of residual coarctation during the ensuing 4 to 7 years. As a measure of the impedance to transmission of systolic pressure from regions above the coarctation to the vessels below it, the ratios between the femoral and the radial systolic and pulse pressures describe in a general way the effect of mechanical obstruction produced by the coarctation, together with the impedance imposed by the circuitous collateral vessels required to transport blood to the region below the coarctation. Figure 6 compares the relationships of the radial systolic pressure (ordinate) and the ratio between the femoral and radial systolic pressures (abscissa) in 111 patients with coarctation studied before operation, in 62 patients studied postoperatively, and in 16 normal persons. The increase in the ratio between the femoral and radial systolic pressures in the 62 patients observed after operation was associated with a significant decrease in the radial systolic pressure. Although this is not a precisely linear relationship, it reflects in a general way the mechanical factor responsible for the increase of blood pressure above the coarctation; as far as can be determined, it is not influenced by humoral or neurogenic factors that also may serve as auxiliary mechanisms producing hypertension in aortic coarctation. None of the 10 patients had severe hypertension when they were studied 4 to 7 years after operation, although the systolic and diastolic pressure exceeded the range of normal in cases 5, 8, and 9; in case 1, systolic hypertension alone was observed. The presence of mild to moderate hypertension in these cases was not demonstrably due to either increased cardiac output or a significant degree of residual coarctation as measured by the pressure ratios. As already mentioned, the calculated peripheral resistance exceeded the range of normal in 3 patients (cases 8, 9, and 11). In this small series of studies, it is not possible to conclude that increased cardiac output, a generalized increase in peripheral resistance, or the presence of a small degree of residual coarctation was singly responsible for the tendency for some of these patients to have slightly increased pressures above the site of the previously resected coarctation. 
